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Isoquercitrin protects HUVECs against high glucose-induced
apoptosis through regulating p53 proteasomal degradation
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Abstract. High glucose (HG)-induced endothelial apoptosis
serves an important role in the vascular dysfunction associated
with diabetes mellitus (DM). It has been reported that isoquer-
citrin (IQC), a flavonoid glucoside, possesses an anti-DM effect,
but the mechanism requires further investigation. The present
study investigated the effect of IQC against HG-induced apop-
tosis in human umbilical vein endothelial cells (HUVECSs) and
explored its molecular mechanism. HUVECs were treated with
5 or 30 mM glucose for 48 h. Endothelial cell viability was
monitored using the Cell Counting Kit-8 assay. Mitochondrial
membrane potential was detected by JC-1 staining. Apoptosis
was observed by TUNEL staining and flow cytometry. Western
blotting was used for the analysis of apoptosis-associated
proteins Bax, Bcl-2, cleaved (C)-caspase3, total-caspase3, p53
and phosphorylated p53. Reverse transcription-quantitative
PCR was used to analyze the mRNA expression levels of Bax,
Bcl-2 and p53. Immunofluorescence staining was utilized
to detect the expression levels and distribution of p53 and
ubiquitin specific peptidase 10 (USP10) in HUVECs. The
results revealed that IQC significantly attenuated HG-induced
endothelial apoptosis, as shown by decreased apoptotic cells
observed by TUNEL, JC-1 staining and flow cytometry.
Moreover, under HG stress, IQC treatment markedly inhibited
the increased expression levels of the pro-apoptotic proteins
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p53, Bax and C-caspase3, and increased the expression levels
of the anti-apoptotic protein Bcl-2 in HUVECs. However, the
anti-apoptotic effect of IQC against HG was partially blunted
by increasing p53 protein levels in vitro. IQC influenced the
mRNA expression levels of Bax and Bcl-2 in response to HG,
but it did not affect the transcription of p53. Notably, IQC inhib-
ited the HG-induced phosphorylation of p53 at Serl5 and the
nuclear transport of USP10, destabilizing p53 and increasing
the proteasomal degradation of the p53 protein. The current
findings revealed that IQC exerted a protective effect against
the HG-induced apoptosis of endothelial cells by regulating
the proteasomal degradation of the p53 protein, suggesting
that IQC may be used as a novel therapeutic compound to
ameliorate DM-induced vascular complications.

Introduction

Diabetes mellitus (DM) is a common endocrine metabolic
disorder with important features of hyperglycemia and
glucose intolerance that have a long-lasting negative impact on
humans (1). Vascular dysfunction in the heart and numerous
other organs is a chronic complication of DM, and the crux
of the vascular pathological state is endothelial dysfunction,
which is associated with hyperactive immune responses, meta-
bolic disturbances and abnormal vasoconstriction (2). The
mechanism of DM-induced endothelial injury is complicated.
It is currently accepted that apoptosis, oxidative stress and
the inflammatory response account for DM-induced vascular
damage. Apoptosis directly leads to endothelial cell death,
thus playing a vital role in modulating endothelial function (3).
Furthermore, a number of studies have confirmed that the
excessive apoptosis of endothelial cells is closely associated
with the pathological process of DM (4,5). Thus, inhibiting
apoptosis-associated endothelial dysfunction may ameliorate
DM-induced vascular complications (6-8). The association
between high glucose (HG) stimulation and endothelial apop-
tosis has been extensively studied (9-11), as HG is a typical
characteristic of DM.

Isoquercitrin (quercetin-3-O-f-D-glucopyranoside; 1QC),
a flavonoid glucoside, is widely distributed among medicinal
herbs, fruit and vegetables. IQC has multiple protective effects
against DM, cardiovascular disorders and vascular disease (12).
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For instance, our previous study has proven that IQC decreases
excessive inflammatory responses and enhances fatty acid
oxidation to attenuate septic myocardial dysfunction (13).
Similarly, IQC regulates the TLR4-mediated inflammatory
signaling pathway to improve myocardial infarction in a rat
model (14). In addition, IQC has been found to control the
mesenteric arterial potassium channel state and endothelial
nitric oxide level, consequently inducing vasodilation (15).
A clinical study has shown that acute administration of IQC
significantly improves endothelial function in volunteers
at risk of cardiovascular disease (16). The aforementioned
studies suggest that IQC can regulate endothelial function
under pathological processes. Recently, a study of DM in a
rat model has demonstrated that IQC can inhibit the oxidative
stress, hyperlipidemia and inflammatory response in the liver,
kidney and pancreas in rats treated with streptozotocin (17).
However, the aforementioned study only showed results at the
tissue level, and it is difficult to determine which cells were
involved in this process.

Given the protective effect of IQC against DM in endo-
thelial cells and the unknown effect of IQC on endothelial
dysfunction induced by HG, the present study aimed to
perform extensive experiments in HUVECs to investigate
the effect of IQC in HG-treated HUVECs and explore its
molecular mechanism.

Materials and methods

Chemicals and antibodies. Isoquercitrin (purity >98%) was
obtained from Shanghai Winherb Medical Technology Co.,
Ltd. Primary antibodies against Bax (cat. no. 2772), Bcl-2
(cat. no. 2870), C-caspase 3 (cat. no. 9661), T-caspase 3 (cat.
no. 9662P), p53 (cat. no. 2524), phosphorylated (p)-p53 (Serl5;
cat. no. 9284) and GAPDH (cat. no. 2118) were purchased from
Cell Signaling Technology, Inc. Ubiquitin specific peptidase
10 (USP10) antibody was purchased from ProteinTech Group,
Inc. (cat. no. 19374-1-AP). Pifithrin-p and Nutlin-3 were
obtained from MedChemExpress. USP10 small interfering
(si)RNA and negative control (NC) siRNA were purchased
from Sangon Biotech Co., Ltd., and adenovirus (ad)USP10 and
adGFP were purchased from OBiO Technology (Shanghai)
Corp., Ltd.

Endothelial cell culture and treatment. The immortal HUVEC
cell line was purchased from YRGene (cat. no. NC006). The
cells were grown in DMEM (cat. no. C11995) containing 10%
FBS and 1% penicillin-streptomycin solution (cat. no. 15140)
(all Gibco; Thermo Fisher Scientific, Inc.) under standard
conditions (5% CO, and 37°C). Before the experiment, cells
were grown to 70-80% confluence and then synchronized
in DMEM with 0.5% FBS for 12 h. Next, the cells were
cultured with 10% FBS containing high D-glucose (30 mM,;
HG medium) or normal D-glucose (5 mM; NG medium) plus
L-glucose (25 mM) to avoid the effects of osmotic imbalance
in the cells as previously described (18-20). IQC (10, 50 or
100 uM) dissolved in PBS was added to NG or HG medium.
To inhibit p53 in cells exposed to glucotoxicity, the potent
p53 inhibitor pifithrin-p (40 M) was dissolved in DMSO
(0.1% v/v) (21) and added to HUVECs stimulated with HG
at 37°C for 24 h. For p53 activation, Nutlin-3 (5 M) dissolved

in DMSO (0.1% v/v), which can effectively inhibit the interac-
tion of murine double minute 2 (MDM2)-p53 and therefore
activate p53 (22), was added to HUVECs treated with HG in
the presence of IQC (100 uM) at 37°C for 24 h.

Cell viability assay. To determine the cytotoxicity of IQC,
the viability of HUVECs was tested using the Cell Counting
Kit-8 (CCK-8) assay (Dojindo Molecular Technologies, Inc.).
HUVECs were seeded in 96-well plates and treated with
different concentrations of IQC (0, 2.5, 10, 50, 100, 200, 300 or
500 gkM) in NG medium (5 mM) for 24 h at 37°C. Subsequently,
CCK-8 (10 uM) was added and incubated at 37°C for 4 h. The
absorbance rate was measured at 450 nm using a microplate
reader (Synergy HT; Agilent Technologies, Inc.).

Measurement of mitochondrial membrane potential.
Mitochondrial membrane potential was measured using the
fluorescent JC-1 dye (Beyotime Institute of Biotechnology).
Briefly, cells were grown in 6-well plates and treated with
HG medium or NG medium with or without of IQC (10, 50
or 100 uM) at 37°C for 48 h. After the different treatments,
the cells were incubated with 10 mM JC-1 for 20 min at 37°C
in the dark, and then monitored using a fluorescence micro-
plate microscope (magnification, x200) (Eclipse 80i; Nikon
Corporation) at 529 nm (monomeric form of JC-1, green) and
at 590 nm (aggregate form of JC-1, red).

TUNEL staining. Cells were plated in 24-well plates and
treated with HG medium or NG medium with or without
IQC (10, 50 or 100 gM) at 37°C for 24 h. Subsequently, the
cells were fixed in 4% paraformaldehyde for 10 min at room
temperature and then apoptotic cells were detected using
an ApopTag® Plus Fluorescein In Situ Apoptosis Detection
kit (EMD Millipore) according to the manufacturer's
protocol. After the TUNEL assay treatment, images were
captured under an Olympus DX51 fluorescence microscope
(magnification, x400) (Olympus Corporation).

Flow cytometry for apoptosis detection. Apoptosis was
detected using an Annexin V-FITC/PI Apoptosis kit (cat.
no. 556547, BD Biosciences). Cells were seeded in 6-well
plates and treated with HG medium or NG medium with or
without IQC (100 gM) at 37°C for 24 h. Subsequently, the cells
were washed with cold PBS and resuspended in 1X binding
buffer at a concentration of 1x10° cells/ml. Annexin V-FITC
and PI were added and incubated at room temperature for
15 min according to the manufacturer's instructions. Finally,
the samples were analyzed by flow cytometry (CytoFLEX;
Beckman Coulter, Inc.) within 1 h, and then the data were
analyzed using CytExpert 2.0 (Beckman Coulter, Inc.).

Immunofluorescence staining and confocal laser scanning
microscopy. Cells were fixed in 4% paraformaldehyde at room
temperature for 10 min and permeabilized in 0.2% Triton X-100.
Subsequently, 10% goat serum albumin (Invitrogen; Thermo
Fisher Scientific, Inc.) was used to block the cells at room temper-
ature for 1 h. The cells were incubated in a solution containing
diluted anti-p53 (1:100) with or without anti-USP10 (1:100)
overnight at 4°C and incubated with Alexa Fluor 488 (green) fluo-
rescent secondary antibodies (1:200) at room temperature for 1 h
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Figure 1. Cell viability of HUVECs treated with IQC. The cytotoxicity of
1QC (0, 2.5, 10, 50, 100, 200, 300 and 500 M) in HUVECs was assessed
using the Cell Counting Kit-8 assay (n=6 for each group). IQC, isoquercitrin;
HUVECSs, human umbilical vein endothelial cells.

(cat. no. A11008; Invitrogen; Thermo Fisher Scientific, Inc.). The
nuclei were counterstained with DAPI at room temperature for
1 min. Images were captured under an Olympus DX51 fluores-
cence microscope (Olympus Corporation) (magnification, x400)
or an Olympus FV1200 confocal laser scanning microscope
(magnification, x1,000) (Olympus Corporation).

Reverse transcription-quantitative PCR (RT-qPCR). Total
RNA was extracted from HUVECs using TRIzol® reagent
(cat. no. 15596-026; Invitrogen; Thermo Fisher Scientific,
Inc.) and reverse transcribed to cDNA with a Transcriptor
First Strand cDNA Synthesis kit (cat. no. 04896866001; Roche
Diagnostics), according to the manufacturer's instructions.
Subsequently, Light Cycler 480 SYBR Green Master Mix
(cat. no. 04887352001; Roche Diagnostics) was used for gPCR
analysis, according to the manufacturer's instructions. PCR
thermocycling conditions were as follows: Initial denaturation
at 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec,
60°C for 5 sec and 72°C for 15 sec. Data were analyzed using
the 2244 method (23). The following primer sequences were
used: Bax forward, 5"TCATGGGCTGGACATTGGAC-3'
and reverse, 5'-GCGTCCCAAAGTAGGAGAGG-3"; Bcl-2
forward, 5'-AACATCGCCCTGTGGATGAC-3' and reverse,
5'-GACTTCACTTGTGGCCCAGAT-3"; p53 forward, 5-AAG
TCTAGAGCCACCGTCCA-3' and reverse, 5-CAATCCAGG
GAAGCGTGTCA-3"; and GAPDH forward, 5'-CATCACCAT
CTTCCAGGAGCGAGA-3' and reverse, 5“TGCAGGAGG
CATTGCTGATGATCT-3". The mRNA expression levels of
Bax, Bcl-2 and p53 were normalized to those of GAPDH.

Western blotting. Western blotting was used to detect the protein
expression levels of Bax, Bcl-2, C-caspase 3, T-caspase 3,
p-p53, p53 and GAPDH. Briefly, cells were lysed with RIPA
lysis buffer, and then protein concentrations were evaluated
using a BCA protein assay kit (cat. no. 23227; Thermo Fisher
Scientific, Inc.). Total protein (50 ug/lane) was electropho-
resed using 10-12% SDS-PAGE and transferred onto PVDF
membranes. The membranes were blocked with 5% milk and
0.1% Tween-20 in 1X TBS for 1 h at room temperature with
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gentle shaking, and then incubated overnight at 4°C with
primary antibodies (1:1,000) against Bax, Bcl-2, C-caspase 3,
T-caspase 3, p-p53, p53 and GAPDH. After incubation with
horseradish peroxidase-conjugated secondary antibodies
(1:10,000; cat. no. A21020; Abbkine Scientific Co., Ltd.) at 37°C
for 1 h, the immunoblots were detected with ECL reagents and
scanned using the Odyssey Infrared Imaging System (LI-COR
Biosciences). Densitometry was analyzed using Image Lab
software (v3.0; Bio-Rad Laboratories, Inc.).

USPIO gene silencing and overexpression. To knock down
USP10 expression, HUVECs were seeded in 6-well plates,
grown in antibiotic-free HG medium for 48 h and then trans-
fected with USP10 siRNA (siUSP10; position 1583-1601;
5'-CCACCTGATGAAGTTCATT-3") and non-targeting NC
siRNA using Lipofectamine® 6000 (Beyotime Institute of
Biotechnology) at a final concentration of 100 nM at 37°C for
6 h according to the manufacturer's instructions. The medium
was then replaced with fresh culture medium with or without
1QC (100 pM) for another 48 h at 37°C before subsequent
experiments.

For overexpression of USP10, the adenovirus-mediated
overexpression system containing full-length USP10 cDNA
(adUSP10) and the NC adenovirus vector (adGFP) were used.
Cells were infected with adUSP10 or adGFP at a multiplicity
of infection (MOI) of 50 at 37°C for 24 h according to the
manufacturer's instructions, and then the medium was replaced
with fresh culture medium with or without IQC (100 uM)
at 37°C for another 48 h before subsequent experiments. The
efficiency of USP10 siRNA and adUSP10 was assessed by
western blotting, as aforementioned.

Statistical analysis. All experiments were repeated at least
three times. Images were quantified using Image-Pro Plus 6.0
software (Media Cybernetics, Inc.). Data are presented as the
mean = SEM and were analyzed using SPSS 24.0 software
(IBM Corp.). Normal distribution detection was determined
using a one-sample Kolmogorov-Smirnov test. Differences
between groups were analyzed by one-way ANOVA and Tukey's
post-hoc test if the data were homoscedastic. Alternatively,
Tambhane's T2 test was used. P<0.05 was considered to indicate
a statistically significant difference.

Results

Effects of 1QC on endothelial cell survival. To evaluate
whether IQC affected the survival of HUVECSs during the
experiments, HUVECs were treated with 0, 2.5, 10, 50, 100,
200, 300 or 500 uM IQC in NG medium for 24 h. The CCK-8
assay results revealed that at concentrations of 2.5, 10, 50 or
100 #M 1QC did not affect the viability of HUVECsS, while the
higher concentrations of IQC (200, 300 and 500 M) slightly
decreased cell viability (Fig. 1). No significant differences in
cell viability were observed among these groups. Thus, 10, 50
and 100 uM IQC were chosen for subsequent experiments.

1QC protects HUVECs against HG-induced apoptosis. Since
apoptosis serves an important role in HG-induced injury,
the effect of IQC on the apoptosis of endothelial cells was
examined. First, apoptosis was analyzed through TUNEL
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Figure 2. Continued.
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Figure 2.1QC attenuates the HG-induced apoptosis of HUVECs. (A) Representative images of JC-1 staining were used to observe the change in mitochondrial
membrane potential in the indicated groups, and the ratio of red fluorescence to green fluorescence was quantified. Scale bar, 100 ym. (B) TUNEL assay was
used to assess apoptosis levels by fluorescence microscopy in different groups. TUNEL positive cells (green); nucleus/DAPI (blue). Arrows indicate apoptotic
cells. Scale bar, 50 ym. (C) Representative western blotting images of Bax, Bcl-2, C-caspase3, T-caspase3 and GAPDH protein bands and their quantification
in the indicated groups (n=3). GAPDH was used as a control. (D) Relative mRNA expression levels of Bax and Bcl-2 in HUVECs in each group with different
treatments (n=6). GAPDH was used as a control. (E) Representative dot plots of the apoptosis rate as measured by flow cytometry after AnnexinV-FITC/PL
staining and quantitative data of the percentage of apoptotic cells (n=3). “P<0.05 and “P<0.01 vs. NG. “P<0.05 and *P<0.01 vs. HG. NG, normal glucose;
HG, high glucose; IQC, isoquercitrin; HUVECs, human umbilical vein endothelial cells; C/T-caspase 3, cleaved/total caspase 3.

staining. TUNEL positive cells (green) were considered as
apoptotic cells. As shown in Fig. 2B, the number of green
spots in HUVECs was markedly increased under HG stress.
When HUVECs were treated with 10, 50 or 100 xuM 1QC
and HG, the green spots were markedly decreased (Fig. 2B).
To further confirm the anti-apoptotic effect of IQC, JC-1
staining was used to examine the mitochondrial membrane
potential. Green fluorescence indicates depolarized mitochon-
drial membrane potential, while red fluorescence indicates
normal mitochondrial membrane potential. The ratio of red
fluorescence to green fluorescence represents the degree of
mitochondrial depolarization. To some extent, a decreased
fluorescence ratio indicates increased apoptosis. The present
results revealed that HG resulted a significant decrease in the
fluorescence ratio in HUVECs compared with NG (Fig. 2A).
By contrast, the ratio gradually increased after treatment with
IQC (Fig. 2A). Furthermore, Annexin V-FITC/PI staining was
used to investigate the effects of IQC on apoptosis stimulated
by HG. The apoptotic rates in the NG, NG+IQC, HG and
HG+IQC groups were 7.350+0.457,7.163+0.709, 31.900+1.920
and 21.820+0.753%, respectively (Fig. 2E), consistent with the
aforementioned TUNEL staining results. The results demon-
strated that HG significantly increased the apoptotic rate of
HUVECSs compared with the NG group; however, apoptosis
was significantly decreased in the HG+IQC treatment group
compared with in the HG group (Fig. 2E).

Next, the protein expression levels of apoptotic markers,
including Bax, Bcl-2 and C-caspase3, were analyzed.
Compared with the cells treated with NG, western blotting

analysis revealed that HG increased the protein levels of Bax
and C-caspase3, and decreased the protein levels of Bcl-2,
and these effects were attenuated by IQC treatment in a
dose-dependent manner (Fig. 2C). Similarly, RT-qPCR results
revealed that the change in the mRNA expression levels of Bax
and Bcl-2 were consistent with those observed by western blot-
ting analysis (Fig. 2D). Overall, the current results indicated
that IQC may have a critical effect on HG-induced apoptosis
of HUVECs.

1QC attenuates HG-induced apoptosis by regulating p53 in
HUVECs. To investigate the underlying molecular mechanism
of the effect of IQC on endothelial apoptosis, the effects of
the p53 signaling pathway under HG stress in the absence
or presence of IQC were explored. Western blotting results
revealed that HG significantly induced p53 activation in
HUVEGC:s and that this effect was inhibited by IQC (Fig. 3A).
Immunofluorescence staining indicated that HG exposure
significantly enhanced p53 protein expression in the nucleus
and that this effect was inhibited by IQC administration
(Fig. 3B). To determine whether the protective effect of IQC
was dependent on p53, cells were treated with a p53 inhibitor
(pifithrin-f) or a p5S3-MDM?2 antagonist (Nutlin-3) for 24 h.
Next, the protein expression levels of p53, Bax, Bcl-2, and
C-caspase 3 were measured. Under HG conditions, the protein
levels of p53 and Bax were decreased, while the expression
levels of Bcl-2 were increased in pifithrin-f-treated cells
compared with the IQC-treated group (Fig. 3D). Meanwhile,
Nutlin-3 and IQC co-treatment significantly increased the
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Figure 3. IQC attenuates HG-induced apoptosis by regulating p53. (A) Representative western blotting images of p53 protein bands and their quantification
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sion (Fig. 3C). Overall, the current results suggested that IQC
partially attenuated HG-induced apoptosis of endothelial cells
in a p53-dependent manner.

IQC exhibits a protective effect by regulating the post-
translational modification of p53. As shown in Fig. 4A, 1QC
did not affect the mRNA expression levels of p53 in response
to HG, indicating that IQC may control p53 expression by
modulating p53 protein stability. Since phosphorylation is a
well-known post-translational modification that regulates p53
stability, the phosphorylation of p53 was examined. Western
blotting results revealed that p53 and p-p53 (Serl5) protein

Figure 5. USPI10 regulates the levels of p53 in IQC-treated cells under HG
stress. (A) Representative immunofluorescence images of p53 and USP10
co-localization. Fluorescence was evaluated by confocal microscopy. p53
(green), USP10 (red), DAPI (blue). Scale bar, 20 ym. (B) Representative
western blotting images of p53, USP10 and GAPDH protein bands in
HUVECS transfected with siUSP10 or NC siRNA and their quantifica-
tion (n=3). (C) Representative western blotting images of USP10, p53 and
GAPDH protein bands in HUVECs infected with adUSP10 or adGFP and
their quantification (n=3). “P<0.05 and “P<0.01 vs. NC or adGFP. “P<0.05
and P<0.01 vs. IQC+NC or IQC+adGFP. NG, normal glucose; HG, high
glucose; IQC, isoquercitrin; HUVECSs, human umbilical vein endothelial
cells; si, small interfering; NC, negative control; USP10, ubiquitin specific
peptidase 10; ad, adenovirus.
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Figure 6. Chemical structure of isoquercitrin and the proposed mechanisms
of the protective effect of isoquercitrin in endothelial cells. (A) Structure of
isoquercitrin. (B) Isoquercitrin modulates HG-induced apoptosis through
a p53-medicated signaling pathway in endothelial cells. USP10, ubiquitin
specific peptidase 10; p, phosphorylated; C-caspase 3, cleaved caspase 3.

expression was significantly enhanced in the HG group
compared with in the NG group. IQC treatment partially
suppressed their expression levels under HG conditions
compared with those in the HG group (Fig. 4B). In addition
to phosphorylation, ubiquitination is involved in p53 protein
stability, and it has been proven that USP10, an enzyme that
mediates the deubiquitination of p53, specifically participates
in the proteasomal degradation of p53 (24). Subsequently, the
interaction between p53 and USP10 was demonstrated using
immunofluorescence co-localization. Immunofluorescence
images revealed that HG caused USPI10 to translocate into
the nucleus, while IQC treatment promoted the nuclear export
of USP10 (Fig. 5A). Moreover, p53 expression in the nucleus
was increased under HG stress, which was consistent with the
findings shown in Fig. 3B.

To further confirm that the change in p53 expression
induced by IQC was dependent on USP10, USP10 siRNA
and adUSP10 were used to knock down and overexpress
USP10, respectively. As shown in Fig. 5B, USP10 silencing
significantly decreased p53 and USP10 protein expression in
the siUSP10 group compared with that in the control group,
and IQC treatment caused a further decrease in their expres-
sion levels in USP10-silenced HUVECs. By contrast, USP10

overexpression significantly promoted the HG-induced expres-
sion levels of USP10 and p53, and IQC treatment in adUSP10
HUVECs upregulated their expression levels compared with
in the adGFP+IQC group (Fig. 5C).

Overall, the current results indicated that IQC exhibited a
protective effect by regulating the phosphorylation of p53 and
the nuclear export of USP10 in HG-induced apoptosis.

Discussion

DM can cause serious vascular complications due to the
persistent damage of hyperglycemia to the endothelium (25).
Moreover, it has been shown that HG induces the apop-
tosis of endothelial cells (ECs), and the loss of ECs further
worsens endothelial function (8,26). Mounting evidence has
demonstrated that promoting endothelial survival markedly
alleviates vascular dysfunction induced by DM (3,27). In the
present study, it was revealed that IQC decreased HG-induced
apoptosis of HUVECsS in a dose-dependent manner, suggesting
that IQC may be used as a potential therapeutic strategy to
protect blood vessels against HG stimulation. IQC (Fig. 6A),
also named quercetin-3-O-b-D-glucopyranoside, is present in
a broad range of natural plants, medicinal herbs, vegetables
and fruits (12). IQC belongs to the bioflavonoid family and
possesses pleiotropic biological effects under physiological
and pathological conditions (13,28,29). Previous studies have
shown that IQC has a neuroprotective effect by inhibiting
neuronal apoptosis either in streptozotocin-induced neuro-
toxicity (30) or in cerebral ischemia/reperfusion injury (31).
In addition to nerve cells, IQC has been proven to exert an
anti-apoptotic effect in cardiomyocytes (14). Similarly, the
present study confirmed that IQC exhibited anti-apoptotic
effects in ECs in response to HG.

Apoptosis, also known as programmed cell death, is
regulated by a complicated signaling network, and numerous
proteins involved in different signaling pathways, such as TNF,
Bax, Bcl-2, Caspase3 and Fas/FasL, have been confirmed to
participate in this process (32). Among these proteins, p53
has been well documented to regulate apoptosis. p53 is a
well-known tumor suppressor protein due to its powerful ability
to promote cell cycle arrest or apoptosis in tumor cells (33). In
addition to suppressing abnormal tumor cells, pS3 participates
in controlling the apoptosis of normal cells (34). Since p53 is
an important regulator of apoptosis, p53 expression was exam-
ined in the present study in the absence or presence of HG.
The current results revealed that HG increased the protein and
mRNA expression levels of p5S3 in HUVECs, which is consis-
tent with previous studies (35,36). In contrast to its beneficial
role against tumors, p53 overexpression may be detrimental
to ECs exposed to HG. A number of studies have reported
that inhibiting the HG-induced increase in p53 significantly
decreases apoptosis in ECs (37,38). In a type 2 diabetic mouse
model, inhibition or downregulation of p53 attenuated coro-
nary endothelial cell apoptosis, thus improving coronary flow
velocity reserve and cardiac function (39). Additionally, p53
downregulation mediated by inhibiting early growth response
gene-1 decreases HG-induced apoptosis and tube formation in
human retinal vascular endothelial cells (40). In accordance
with previous studies (41-43), the present study demonstrated
that the potent pS3 inhibitor pifithrin-§ effectively attenuated
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HG-induced apoptosis in HUVECs. Furthermore, it was
revealed that IQC markedly decreased p53 expression induced
by HG, and this effect was associated with the ability of IQC
to decrease apoptosis, since activating p53 by Nutlin-3 blunted
the anti-apoptotic effects of IQC in response to HG. A previous
study has confirmed the potent anti-apoptotic effect of IQC by
demonstrating that it attenuates the hydrogen peroxide-induced
upregulation of p53 expression (44). Additionally, a network
pharmacology analysis revealed that IQC has synergistic inter-
actions with the p53 signaling pathway through apoptosis (45).
The current data further demonstrated that IQC exerted its
protective effect in ECs stimulated with HG by regulating p53.

p53 expression is regulated by a number of factors, such
as USP10, RNA-binding motif protein 10 and suppressor
of cytokine signaling 1, and the increase in intracellular
p5S3 protein is mainly due to either increased p53 protein
synthesis or decreased p53 protein degradation (46,47).
In the present study, HG increased the mRNA expression
levels of p53, indicating that it promoted the synthesis of
p53 protein. Notably, it was revealed that IQC did not affect
p53 mRNA expression in the absence or presence of HG,
suggesting that IQC may regulate p53 protein expression by
activating the p53 protein degradation pathway. It has been
reported that various post-translational modifications, such
as phosphorylation and ubiquitination, are involved in the
proteasomal degradation process of the p53 protein, thus
affecting p53 stability (48). A previous study indicated that
HG induces the phosphorylation of p53 at Thr55 in ECs,
leading to apoptosis (37). In addition, the current results
revealed that HG increased the phosphorylation level of p53
at Serl5. It has been well documented that phosphorylation at
Serl5 weakens the interaction between p53 and MDM?2 (49).
MDM2 is a negative regulator of p53 that binds to p53 and
promotes its ubiquitination and proteasomal degradation (50).
Phosphorylation of p53 at Serl5 improves its stability and
activity. Therefore, HG may promote the production of p53,
as well as enhance its stability. Since IQC regulated p53
protein expression rather than mRNA expression, the present
study measured the phosphorylation level of p53 at Serl5 in
HUVECGs. The current results revealed that IQC markedly
decreased the HG-induced phosphorylation of p53 at Serl5,
suggesting that IQC may promote p53 proteasomal degrada-
tion by regulating p53 phosphorylation levels.

In contrast to phosphorylation, which promotes p53
stability, ubiquitination enhances the proteasomal degradation
of p53; thus, deubiquitination is another important regulatory
mechanism for maintaining the stability of p53 (51). USP10 is
a newly discovered deubiquitinase that can remove ubiquitin
from p53 to promote its stability (52,53). It should be noted
that MDM?2 is also the major E3 ubiquitin ligase of p53 (54).
USPI10 acts primarily on p53 but does not affect MDM?2
activity or MDM2 binding with p53 (52). However, the role of
USP10 in response to HG is unknown. Thus, USP10 expres-
sion was evaluated in the present study. The data indicated
that HG resulted in the nuclear translocation of USP10 and
its subsequent binding to p53, thus promoting the stability
of p53, and this effect was partially blunted in IQC-treated
HUVECs. Moreover, using siRNA and adUSP10 to silence
and overexpress USP10 in HUVECs under HG stress,
respectively, it was revealed that the protective effect of IQC
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mediated by its regulation of p53 levels may be dependent on
USP10. Currently, it has been proven that IQC is involved in
regulating the ubiquitin-proteasome system, but the molecular
mechanism remains unclear (55). The present study suggested
that IQC may affect pS3 expression by regulating intercellular
USPI10 localization, suggesting that USP10 may be one of the
targets of IQC.

In conclusion, the present study demonstrated that IQC
effectively alleviated HG-induced apoptosis in HUVECs
(Fig. 6B). Moreover, it was revealed that the anti-apoptotic
effects of IQC may occur via modulation of p53 post-tran-
scriptional modification rather than suppression of p53 protein
synthesis. IQC inhibited the HG-induced phosphorylation of
p53 at Serl5 and increased the nuclear transport of USP10,
thereby increasing the proteasomal degradation of the p53
protein in HG-treated HUVECs. Thus, using IQC to affect p53
stability may be a potential therapeutic strategy for vascular
complications induced by DM.
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